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ABSTRAcr:  The nature  and extent  of genetic  variation  in Giardia  was used  to infer  its mode of reproduction,  population  structure, 
taxonomy, and zoonotic potential.  Ninety-seven isolates of Giardia  duodenalis,  from a defined  area in Western  Australia  and 
throughout  Australia  and overseas,  were obtained  from humans,  cats, cattle, sheep, dogs, goat, beaver,  and rats. Enzyme  elec- 
trophoresis  revealed  extensive  genetic  variation  with 47 different  zymodemes.  The widespread  occurrence  of certain  zymodemes 
and  the similarity  of relationships  among  isolates  inferred  from  independent  genetic  markers  suggests  a clonal  population  structure 
for G. duodenalis,  although  occasional  bouts of genetic  exchange  may occur.  The 47 zymodemes  clustered  similarly  in phenetic 
(UPGMA) and phylogenetic  (Fitch-Margoliash)  analyses.  The level of genetic  diversity  in isolates from a defined  geographical 
area in Western  Australia  was similar to the level of diversity in isolates from throughout  Australia.  These data suggest  that 
clonal lineages  within G. duodenalis  are evolutionarily  independent.  Although  there  was a significant  overall  correlation  between 
genetic distance separating  zymodemes and occurrence  in different  host species, we found genetically  identical isolates from 
humans and other animals and extensive genetic diversity between isolates from humans. We interpret  this as evidence for 
zoonotic transmission  of the parasite. 
Giardia is a flagellated protozoan  in the phylum  Sarcomas- 
tigophora,  class Zoomastigophorea,  and order Diplomonadida 
(Levine  et al.,  1980;  Cox,  1981).  The  genus  has a worldwide 
distribution  and  consists  of  at least  5  species  based  on  mor- 
phology  (Filice,  1952;  Meyer,  1985;  Erlandsen and  Bemrick, 
1987; Erlandsen et al.,  1990) and over 40 species based on host 
specificity (Hegner, 1926; Levine,  1973; Kulda and Nohynkova, 
1978).  Species  of  Giardia inhabit  the  intestine  of virtually  all 
classes of vertebrates (Kulda and Nohynkova,  1978; Thompson 
et al.,  1990). Members of the Giardia duodenalis (synonyms: G. 
lamblia and G. intestinalis) morphological  group infect humans 
and other animals  and may be associated  with asymptomatic, 
acute, or chronic giardiasis (Thompson  et al., 1993). Today, the 
ubiquity of species of Giardia throughout the world is well rec- 
ognized,  and giardiasis  is one  of the most  prevalent  intestinal 
diseases of humans (Warren, 1989; Meyer, 1990; Schantz, 1991). 
Numerous  surveys in different countries have also shown that 
infection  with  Giardia is common  and widespread in domestic 
cats,  dogs,  birds,  domestic  rats, horses,  rabbits,  sheep,  cattle, 
and  goats,  as well  as a range of  sylvatic  mammals  and birds 
(Davies  and Hibler,  1979; Panigrahy et al.,  1984; Wallis et al., 
1984; Woo,  1984; Kirkpatrick and Skand,  1985; Gasser et al., 
1987a,  1987b; Buret et al.,  1990; Erlandsen et al.,  1990).  The 
zoonotic  potential  of  G. duodenalis  from  both  domestic  and 
wild  animals  is uncertain,  although these hosts  are considered 
important reservoirs due to their close association  with humans 
and potential for environmental  contamination  with cysts (Da- 
vies and Hibler,  1979; Wenman et al., 1986; Kirkpatrick, 1987; 
Buret et al.,  1990; Schantz,  1991; Thompson,  1995). 
In order to determine  the significance of genetic variation  in 
Giardia to aspects of epidemiological  importance such as trans- 
mission,  treatment,  and control,  a thorough  understanding  of 
the taxonomy,  population  structure, and reproductive  biology 
of  Giardia is required. For example,  the present taxonomy  of 
Giardia fails to reflect the phenotypic  and genetic heterogeneity 
that exists  within  the species  G. duodenalis  and provides  little 
or no  predictive  value  for factors such  as host  specificity,  in- 
fectivity,  or  virulence.  Knowing  the  population  structure  of 
Giardia  is crucial because  it determines  the: (1) likelihood  of 
associations  between  important  biological  characters such  as 
host occurrence, pathogenicity,  and drug sensitivity; and (2) rate 
of adaptation  to adverse environmental  conditions,  such as ex- 
posure to drugs. The mode  of reproduction of an organism has 
important  implications  for  both  population  genetic  structure 
and taxonomy.  In particular, organisms that are predominantly 
or solely clonal generally possess a distinctive  population  struc- 
ture  characterized  by  excess  heterozygosity,  associations  be- 
tween independent genes (linkage disequilibrium),  and a greater 
proportion of genetic variation distributed between, than within, 
populations  (Tait,  1985; Cibulskis,  1988; Tibayrenc and Ayala, 
1991).  Taxonomically,  they  are difficult to  deal  with  because 
the most  widely  used  species  definition,  the biological  species 
concept,  is not applicable to them (Thompson  et al.,  1990; Ti- 
bayrenc et al.,  1990; Tibayrenc,  1994). 
Genetic  variation  detected by enzyme  electrophoresis  can be 
used to assess genetic relationships  within and between species 
and is therefore suitable for species-level  taxonomy  (Richardson 
et al.,  1986; Hillis  and Moritz,  1990) and for providing  infor- 
mation  on factors of epidemiological  significance such as trans- 
mission  patterns  for a  given  organism  (Miles  and  Cibulskis, 
1986). In addition,  data generated from enzyme electrophoresis 
can also be interpreted to provide  information  on the ploidy of 
an organism,  its mode  of reproduction,  and population  struc- 
ture. This  is achieved  by the genetic  interpretation  of the ob- 
served electrophoretic  banding patterns, the nature of the vari- 
ant enzyme  types, and the proportion  of the variant types in a 
given  population  (Tait,  1983;  Miles,  1985;  Tibayrenc  et  al., 
1990,  1991; Tibayrenc and Ayala,  1991). 
In this study, enzyme electrophoresis was used to: (1) examine 
the extent of genetic variation between isolates of G. duodenalis 
from different geographic areas in order to provide  further in- 
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formation  on the genetic structure, ploidy,  and taxonomy  of G. 
duodenalis;  and (2) compare  isolates  from different species  of 
hosts in order to provide  information  on the zoonotic  potential 
of Giardia. 
MATERIALS  AND  METHODS 
Sampling  of isolates 
Ninety-seven  isolates  of G. duodenalis  of human,  cat, sheep,  rat,  goat, 
cattle, dog, and beaver origin from throughout  Australia  and overseas 
were  examined  (Table  I). Sixteen  of the 97 isolates  were  from  a localized 
endemic area (Meloni et al., 1993), Fitzroy  Crossing  (Table  I), located 
in the north of Western  Australia  (Fig. 1). The 16 isolates of Giardia 
from Fitzroy  Crossing  were sampled  from 4 communities,  all within a 
10-km radius of the town. These communities  are provided with ser- 
vices in the town of Fitzroy  Crossing  and share  a number  of common 
facilities, including  a shopping  complex, hospital, sporting  and recrea- 
tional areas, school, and day care center. Individuals  and families are 
very mobile and commonly move from community  to community. 
Enzyme  electrophoresis 
Methods for growing,  harvesting,  storing,  and processing  isolates for 
enzyme electrophoresis  have been described  (Meloni and Thompson, 
1987; Meloni et al., 1988, 1992). Thirteen  enzyme systems were used 
to characterize  the 97 isolates of G. duodenalis  and they are listed in 
Table II. Between 2 and 5 subcultures  of each isolate were used for 
every enzyme. Occasionally, samples of culture media were electro- 
phoresed  to check  for the presence  of contaminating  enzymes,  but none 
were detected. 
To examine the possibilities that isolates which produced  multiple- 
banded  enzyme patterns  contained  mixed populations  of genotypically 
distinct organisms  or were the result of posttranslational  changes  due 
to protease  activity  on primary  gene products,  a number  of isolates  were 
reexamined  electrophoretically  using  stocks  cloned  from individual  tro- 
phozoites and prepared  using protease  inhibitors  in cell lysates. 
Analysis of cloned stocks: Fourteen  isolates were cloned using the 
microdrop  method described  by Binz et al. (1991), and 2 clonal stocks 
from  each  were  reanalyzed  by electrophoresis  for  enzymes  that  produced 
multiple-banded  patterns.  The isolates  cloned and the enzymes used to 
examine clones are listed in Table III. 
Analysis  ofstocks  containing  protease  inhibitors:  Stocks  from  2 clones, 
BAH12Cl and BAH53C1, which produced  multiple-banded  patterns 
for 8/13 and 7/13 enzymes, respectively  (Table  III),  were  reanalyzed  by 
enzyme electrophoresis  after  protease  inhibitors  had been added to ly- 
sates. A clone from isolate Pl,  which showed single-banded  patterns 
for all enzymes, was used as a control. 
A range  of protease  inhibitors  was used, including  those shown to be 
most effective  in inhibiting  protease  activity in G. duodenalis  (Hare  et 
al., 1989). These included  leupeptan  (1  Ig/ml), iodoacetamide  (1 mM), 
N-a-p-tosyl-L-lysine  chloromethyl  ketone (1 mM), chymostatin  (1 tAg/ 
ml), phenylmethylsulfonyl  fluoride  (1 mM), pepstatin  (1 mM),  and  apro- 
tinin (1 mM).  All protease  inhibitors  were  purchased  from  Sigma  Chem- 
ical Co. (St. Louis, Missouri).  Tubes containing  packed  trophozoites  to 
which  protease  inhibitors  were  to be added  were  removed  from  the -70 
C freezer,  and while still frozen (to prevent  protease  activity),  protease 
inhibitor and stabilizing solution were added. Trophozoites  in tubes 
containing  a specific  inhibitor  were  lysed  by homogenizing  on an icebath 
and loaded onto gels. 
Analysis  of electrophoretic  data 
An allelic interpretation  of banding  patterns  could not be made with 
confidence (Meloni et al., 1988), so enzyme patterns  were treated  as 
separate  characters.  For taxonomic studies, the percentage  of enzyme 
showing  fixed  differences  was used to calculate  genetic  distance  between 
zymodemes.  A fixed  difference  between  2 zymodemes  occurs  when  they 
do not share  a pattern  for  the particular  enzyme  in question.  This ranges 
from 0 (0%),  for identical  enzyme profiles,  to 1 (100%)  for zymodemes 
with no shared enzyme patterns.  This measure of genetic distance is 
identical to the fixed allelic differences  of Andrews et al. (1989) for 
single-banded  patterns but will underestimate  distance for multiple- 
banded patterns,  assuming  their genetic interpretation  of the banding 
patterns is valid. It is also highly correlated  with other measures  of 
genetic distance, either made with (Meloni et al.,  1989) or without 
(Meloni  et al., 1988) a genetic  interpretation.  Phylogenetic  relationships 
between  zymodemes  were inferred  from the genetic  distance  matrix  by 
2 techniques.  First,  genetic  distances  were clustered  by the unweighted 
pair-group  method with arithmetic means available in the computer 
package  UPGMA2 (Constantine  et al., 1994)  to produce  an ultrametric 
tree or phenogram.  The cophenetic  correlation  coefficient 
(re,; 
Sneath 
and Sokal, 1973) was used to measure  the agreement  between  distance 
values implied by the phenogram  and those of the original distance 
matrix.  Second,  distances  were  analyzed  phylogenetically  using  the Fitch- 
Margoliash  method available in PHYLIP 3.5p (Felsenstein, 1993) to 
produce  an additive tree or phylogram. 
Mantel's  test  (Mantel,  1967)  was  used  to correlate  statistically  pairwise 
estimates  of genetic  distances  (percentage  fixed  enzyme  differences)  with 
pairwise  descriptions  of host occurrence  between  zymodemes  of Giar- 
dia. Mantel's  test  determines  the correlation  between  2 distance  matrices 
by comparing  the sum of cross-products  of analogous  cells against  an 
expected value calculated  on the null hypothesis  of random permuta- 
tions between  rows/columns  of the second  matrix.  This approach  avoids 
the problem  of the lack  of independence  among  cells of each  test matrix, 
which is not taken  into consideration  using  standard  correlations  (Doug- 
las and Endler, 1982). Pairwise host occurrence  was scored as 1 for 
zymodemes with isolates from different  hosts and 0 for zymodemes 
containing  isolates from the same host (see Appendix  for data matrix). 
The observed genotypic  diversity (Go)  within populations  was esti- 
mated  from  enzyme  patterns  as described  by Stoddart  and  Taylor  (1988): 
1 
G=k 
where  pi is the observed  frequency  of the ith genotype  (zymodeme),  and 
k is the total number  of zymodemes.  The variance  of Go  was calculated 
as described  by Stoddart  and Taylor  (1988): 
Var(Go) =  A-G2G2  k  -31). 
RESULTS 
Characterization  of isolates  of G. duodenalis using enzyme 
electrophoresis 
Using  13 enzyme systems, 47 different zymodemes were found 
amongst the 97 isolates  of Giardia examined  (Tables I, IV). All 
13 enzyme  systems  were variable  (Table  IV). The  geographic 
distribution  of the 47 zymodemes  is shown  in Figure 1. 
Twenty-nine  zymodemes  contained  single-banded  patterns 
for all enzymes  (M1-M6,  M11-M13,  M16,  M18-M22,  M27, 
M32-M41,  M45-M47).  Eighteen  zymodemes  contained  iso- 
lates that produced  multiple-banded  patterns for  1 or more of 
the  enzymes  (M7-M10,  M14,  M 15,  M17,  M23-M26,  M28, 
M29-M31,  M42-M44;  Table  III). Homozygote  variants  cor- 
responding to the alternative  alleles of presumed heterozygotes 
were found for 7 enzymes  (EST, FDP, GOT, HK, ME, NP, and 
PGM,  see Table II for abbreviations),  but multiple-banded  en- 
zymes  did not always fit expected  heterozygote  patterns. 
Analysis of cloned isolates 
The  majority  of  clones  produced  multiple-banded  patterns 
identical  to  their  corresponding  parent stock  for all enzymes. 
However,  on several occasions,  patterns from  1 or more clones 
differed from the pattern displayed  by the parent stock. Clone 
BAH30C2  did not express a fast-moving  esterase band, which 
was present in the parent BAH30  and clone  BAH30C1.  Simi- 
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TABLE  I.  Isolates  of Giardia  duodenalis  characterized. 
Zymo-  Clinical  Nature  of  Geographical  origin  and 
Code  deme  Host  history*  sample  year of ioslationt  Sourcet 
BAH1  4  Human  S  Cysts  Wyndham,  W.A., 1986  SHL 
BAH2  4  Human  S  Cysts  Woodanilling,  W.A., 1986  SHL 
BAH3  1  Human  NA  Cysts  Lockridge,  W.A., 1986  SHL 
BAH4  1  Human  A  Cysts  Derby,  W.A., 1986  SHL 
BAH5  1  Human  NA  Cysts  Marble  Bar,  W.A., 1986  SHL 
BAH6  1  Human  S  Cysts  Warburton,  W.A., 1986  SHL 
BAH7  7  Human  A  Cysts  Katanning,  W.A., 1986  SHL 
BAH8  1  Human  S  Cysts  Wickham,  W.A., 1986  SHL 
BAH9  I  Human  S  Cysts  Marble  Bar,  W.A., 1986  SHL 
BAH  10  1  Human  NA  Cysts  South Hedland,  W.A., 1986  SHL 
BAH I1  1  Human  S  Cysts  Kalgoorlie,  W.A., 1986  SHL 
BAH12  8  Human  S  Cysts  Wyndham,  W.A., 1986  SHL 
BAH  13  1  Human  S  Cysts  Kelmscott,  W.A., 1986  SHL 
BAH14  3  Human  NA  Cysts  Kununurra,  W.A., 1986  SHL 
BAH  15  12  Human  S  Cysts  Kununurra,  W.A., 1986  SHL 
BAH  16  9  Human  S  Cysts  Derby,  W.A., 1986  SHL 
BAH  17  18  Human  S  Cysts  Adelaide,  S.A., 1986  UA 
BAH18  33  Human  S  Cysts  Byford,  W.A., 1987  SHL 
BAH19  11  Human  S  Cysts  Kununurra,  W.A., 1987  SHL 
BAH20  10  Human  NA  Cysts  Kununurra,  W.A., 1987  SHL 
BAH21  2  Human  S  Cysts  Busselton,  W.A., 1987  SHL 
BAH22  1  Human  S  Cysts  Carnarvon,  W.A., 1987  SHL 
BAH23  3  Human  S  Cysts  High Wycombe,  W.A., 1987  SHL 
BAH24  1  Human  S  Cysts  Derby,  W.A., 1987  SHL 
BAH25  3  Human  S  Cysts  Bunbury,  W.A., 1987  SHL 
BAH26  1  Human  S  Cysts  Rockingham,  W.A., 1987  SHL 
BAH27  1  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1987  MU 
BAH28  20  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1987  MU 
BAH29  3  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1987  MU 
BAH30  15  Human  S  Cysts  Derby,  W.A., 1987  SHL 
BAH31  21  Human  NA  Cysts  Broome,  W.A., 1987  SHL 
BAH32  12  Human  S  Cysts  Port Hedland,  W.A., 1987  SHL 
BAH33  16  Human  NA  Cysts  Broome,  W.A., 1987  SHL 
BAH34  17  Human  S  Cysts  Perth,  W.A., 1987  PMH 
BAH35  17  Human  S  Cysts  Perth,  W.A., 1987  PMH 
BAH36  3  Human  S  Cysts  Kununurra,  W.A., 1987  SHL 
BAH37  22  Human  NA  Cysts  Mundaring,  W.A., 1988  SHL 
BAH38  1  Human  S  Cysts  Esperance,  W.A., 1988  SHL 
BAH39  23  Human  NA  Cysts  Hong Kong, 1988  SHL 
BAH40  21  Human  A  Cysts  Perth,  W.A., 1988  SHL 
BAH41  1  Human  S  Cysts  Perth,  W.A., 1988  SHL 
BAH42  24  Human  NA  Cysts  Nichol Bay, W.A., 1988  SHL 
BAH43  21  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1988  MU 
BAH44  25  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1988  MU 
BAH45  33  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1988  MU 
BAH46  22  Human  S  Cysts  Morley,  W.A., 1988  SHL 
BAH47  18  Human  S  Cysts  Port Hedland,  W.A., 1988  SHL 
BAH48  11  Human  S  Cysts  Rockingham,  W.A., 1988  SHL 
BAH49  26  Human  S  Cysts  Northam,  W.A., 1988  SHL 
BAH50  19  Human  NA  Cysts  Narrogin,  W.A., 1988  SHL 
BAH51  17  Human  S  Cysts  Broome,  W.A., 1988  SHL 
BAH52  22  Human  NA  Cysts  Broome,  W.A., 1988  SHL 
BAH53  28  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1988  MU 
BAH54  29  Human  S  Cysts  Kununurra,  W.A., 1988  SHL 
BAH55  1  Human  S  Cysts  Halls Creek,  W.A., 1988  SHL 
BAH56  30  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1988  MU 
BAH57  31  Human  S  Cysts  Carnarvon,  W.A., 1988  SHL 
BAH58  32  Human  S  Cysts  Wanneroo,  W.A., 1989  SHL 
BAH59  3  Human  S  Cysts  Carnarvon,  W.A., 1989  SHL 
BAH60  34  Human  S  Cysts  High Wycombe,  W.A., 1989  SHL 
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TABLE  I.  Continued. 
Zymo-  Clinical  Nature  of  Geographical  origin  and 
Code  deme  Host  history*  sample  year  of ioslationt  Sourcet 
BAH66  3  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1990  MU 
BAH67  4  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1990  MU 
BAH92  1  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1991  MU 
BAH93  1  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1991  MU 
BAH94  42  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1991  MU 
BAH95  43  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1991  MU 
BAH97  44  Human  NA  Cysts  Fitzroy  Crossing,  W.A., 1991  MU 
BAC1  6  Cat  NA  Cysts  Shenton  Park,  W.A., 1986  MU 
BAC2  5  Cat  NA  Troph.  Murdoch,  W.A., 1986  MU 
BAC3  35  Cat  NA  Cysts  Murdoch,  W.A., 1986  MU 
BAC4  36  Cat  NA  Cysts  Murdoch,  W.A., 1987  MU 
BAC5  35  Cat  NA  Cysts  Murdoch,  W.A., 1987  MU 
BAC6  37  Cat  NA  Cysts  Murdoch,  W.A., 1988  MU 
BAC7  45  Cat  S  Cysts  Werribee,  VIC., 1991  UM 
BAG1  46  Goat  NA  Cysts  Werribee,  VIC., 1991  UM 
BAD1  14  Dog  A  Cysts  Murdoch,  W.A., 1986  MU 
BAS2  1  Sheep  S  Troph.  Albany,  W.A., 1989  AD 
Vanc/85/UBC/5  4  Human  S  Culture  British  Columbia,  CAN., 1985  UBC 
Vanc/85/UBC/7  4  Beaver  NA  Culture  British  Columbia,  CAN., 1985  UBC 
Mont/83/McG/12  4  Dog  NA  Culture  Quebec,  CAN., 1983  UBC 
PI ATCC/30888  4  Cat  NA  Culture  Portland,  U.S.A., 1970  UBC 
Bris/83/HEPU/106  4  Human  S  Culture  Brisbane,  QLD., 1983  QIMR 
Bris/83/HEPU/120  4  Human  S  Culture  Brisbane,  QLD., 1983  QIMR 
Bris/83/HEPU/141  4  Human  S  Culture  Port Moresby,  P.N.G., 1983  QIMR 
P1 ATCC/30888  4  Cat  NA  Culture  Portland,  U.S.A., 1970  QIMR 
HP108  47  Human  NA  Culture  Poland, 1986  K 
HP109  47  Human  NA  Culture  Poland, 1986  K 
CH-H2  39  Human  NA  Culture  Ziirich,  SWIT., 1989  UZ 
CH-H3  39  Human  NA  Culture  Ziirich,  SWIT., 1989  UZ 
CH-C1  38  Dog  NA  Culture  Ziirich,  SWIT., 1989  UZ 
CH-B1  38  Cattle  NA  Culture  Ziirich,  SWIT., 1986  UZ 
CH-B2  39  Cattle  NA  Culture  Ziirich,  SWIT., 1989  UZ 
CH-B3  40  Cattle  NA  Culture  Tessin, SWIT., 1989  UZ 
CH-O  1  38  Sheep  NA  Culture  Ziirich,  SWIT., 1987  UZ 
BAR1  13  Rat  S  Troph.  Murdoch,  W.A., 1986  MU 
BAR3  41  Rat  A  Troph.  Murdoch,  W.A., 1989  MU 
* S, symptomatic;  A, asymptomatic;  NA,  clinical  information  not available. 
t W.A.,  Western Australia; S.A.,  South Australia; QLD.,  Queensland; VIC., Victoria; CAN.,  Canada; U.S.A.,  United  States of America; SWIT., Switzerland; P.N.G., 
Papua New  Guinea. 
$  SHL,  State Health  Laboratories of W.A.;  UZ,  University  of Zurich, SWIT.; UBC,  University  of British Columbia,  CAN.;  AD,  Agriculture Department  of W.A.; 
UA,  University  of Adelaide,  S.A.; K, Karol Marcinkowski  Academy  of Medicine,  Poland; QIMR,  Queensland  Institute  of Medical  Research; UM,  University  of 
Melbourne,  VIC.; PMH,  Princess Margaret Hospital,  W.A.; MU,  Murdoch  University,  W.A. 
band, whereas the parent BAH42  and clone  BAH42C1  did so. 
The  fast-moving  esterase  band  in  clones  BAH44C1  and 
BAH44C2  moved  more slowly than the corresponding band in 
the  parent isolate.  The  final difference detected  was  in clones 
BAH49C1  and  BAH49C2,  which  expressed  only  2  of  the  3 
phosphoglucomutase  enzyme  bands  that  were  present  in  the 
parent stock. 
Analysis  of stocks containing  protease inhibitors 
The  addition  of  protease  inhibitors  to  lysates  from  cloned 
isolates  BAH12C1  and BAH53C1  did not result in the loss  of 
multiple-banded  enzyme  patterns at any locus.  However,  on a 
number of occasions the mobility of enzyme patterns was altered 
in stocks  containing  specific protease  inhibitors.  This  also  oc- 
curred in the corresponding  stock from the single-banded  con- 
trol and, therefore, probably reflects interference of the protease 
inhibitor  with  posttranslation  of  a  number  of  G. duodenalis 
isoenzymes. 
Genetic  relationships  between zymodemes 
Differences  in  enzyme  profiles  between  zymodemes,  mea- 
sured by percentage fixed enzyme  differences, ranged from 7.7 
to  100 (Appendix).  The phenogram constructed from these data 
(cophenetic  correlation  r,, =  0.96)  is shown  in Figure 2. There 
were 20  principal clusters, separated by at least 36% fixed en- 
zyme  differences.  Group  1, consisting  of  4  zymodemes,  con- 
tained 3 isolates from humans in Western Australia and 2 from 
humans  in Poland.  Group  2, consisted  of  5 zymodemes,  con- 
taining  8 isolates  from  humans  in Western Australia.  Groups 
3, 5-9,  and  11-14  each contained  single isolates  from humans 372  THE  JOURNAL  OF  PARASITOLOGY,  VOL.  81, NO.  3, JUNE  1995 
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FIGuRE  1.  Geographical  distribution  of zymodemes  of Giardia  duodenalis. 
in Western Australia. Group 4 consisted  of a single isolate from 
a human  in Hong Kong. Group  10 consisted  of 2 zymodemes, 
each containing  a single isolate  from humans  in Western Aus- 
tralia. Group  15 consisted  of 2 zymodemes,  each containing  a 
single isolate from Western Australian rats. Group 16 consisted 
of  a single  goat  isolate  from  the  Australian  state  of  Victoria. 
Group  17 consisted  of 9 zymodemes  containing 4 isolates from 
humans  in Western Australia,  2 isolates  each from humans  in 
Switzerland  and the  Australian  state of  Queensland,  1 isolate 
each from a human in Papua New Guinea and Canada, 6 isolates 
from cats in Western Australia,  1 isolate from a dog in Canada, 
and  1 isolate  from a dog in Switzerland,  3 isolates  from cattle 
in Switzerland,  1 isolate  from a sheep in Switzerland,  1 isolate 
from a beaver in Canada, and the Portland (P  1) isolates. Group 
18 consisted  of  11 zymodemes  containing  39 isolates  from hu- 
mans in Western Australia,  I from a human in South Australia 
and  1 isolate  from a Western Australian sheep. Groups  19 and 
20 consisted  of single isolates  from a dog in Western Australia 
and a cat in Victoria,  respectively. 
These groupings were largely confirmed in the unrooted phy- 
logram constructed  from Fitch-Margoliash  analysis of the dis- 
tance matrix (Fig. 3). The only exceptions  to the groupings im- 
plied by the phenogram in this tree are the closer relationships 
between zymodemes  M9 and M26 and between M30 and M23. 
Maximum  parsimony  analysis  using the enzyme  banding pat- 
terns as character-state, rather than distance data, also produced 
congruent groupings (data not shown). 
Despite  the co-occurrence  of  isolates  from  different species 
of host  in the same  zymodeme  and the same  clusters in  both 
the phenogram  and phylogram,  there was  some  overall  struc- 
turing of genetic diversity  along host lines,  as shown  by a sig- 
nificant  correlation  between  genetic  distance  and  host  occur- 
rence (Mantel's g =  4.272;  P  <  0.001;  Appendix). 
Genetic diversity within populations 
A second phenogram consisting  of only the 16 human isolates 
of G. duodenalis  from Fitzroy Crossing (cophenetic  correlation 
r., = 0.98) is shown in Figure 4. There were 7 principal clusters, 
corresponding  to groups 8, 9,  10,  12,  14,  17, and  18 in Figure 
2. Differences in enzyme profiles between zymodemes  identified 
from  Fitzroy  Crossing,  measured  by percentage fixed enzyme MELONI  ET  AL.-GENETIC  CHARACTERIZATION  OF GIARDIA  373 
TABLE  II.  List of enzymes used to characterize  Giardia. 
Abbrevi- 
Enzyme  ation  E.C. number 
Acid phosphatase  ACP  E.C. 3.1.3.2 
Esterase  EST  E.C. 3.1.1.1 
Fructose 1-6-diphosphatase  FDP  E.C. 3.1.3.11 
Glutamate  dehydrogenase  GDH  E.C. 1.4.1.3 
Glucose-6-phosphate  dehydrogenase  G6PD  E.C. 1.1.1.49 
Glutamate-oxaloacetate  transaminase  GOT  E.C. 2.6.1.1 
Glucose phosphate  isomerase  GPI  E.C. 5.3.1.9 
Hexokinase  HK  E.C. 2.7.1.1 
Malate  dehydrogenase  MDH  E.C. 1.1.1.37 
Malic enzyme  ME  E.C. 1.1.1.40 
Nucleoside phosphorylase  NP  E.C. 2.4.2.1 
Phosphoglucomutase  PGM  E.C. 2.7.5.1 
6-Phosphogluconate  dehydrogenase  6PGD  E.C. 1.1.1.44 
* Enzyme  Commission. 
differences,  ranged from  7.7  to  100. The estimated  genetic di- 
versity was similar in isolates  from Fitzroy Crossing (Go = 9.78 
+  0.68)  and  other  human  isolates  from  throughout  Western 
Australia (Go = 8.64  ?  0.34),  but lower than the overall genetic 
diversity in isolates from different host species from throughout 
Australia and overseas  (Go =  14.18  ?  0.36). 
DISCUSSION 
Mode of reproduction 
Most  isolates  of  G. duodenalis  used  in  the  present  and  in 
previous  studies (Bertram et al.,  1983; Baveja et al., 1986; Kor- 
man et al.,  1986; Meloni  et al.,  1988,  1989,  1992; Andrews et 
al.,  1989) show predominantly  single-banded  enzyme  patterns, 
with  different isolates  often  having  different isoenzymes.  This 
suggests that G. duodenalis  is an asexual,  functionally  haploid 
organism,  with  variant  enzymes  the  result of  occasional  mu- 
tations.  However,  18 of the 47 different zymodemes  identified 
in the present study contained  isolates  that produced multiple- 
banded patterns for between  1 and 8 of the enzymes  (Table III). 
It is unlikely that the multiple-banded  enzyme  patterns are the 
result of mixed  populations  of genotypically  distinct organisms 
or the result of posttranslational changes due to protease activity 
on primary gene products. Identical patterns occurred in all the 
subcultures of each isolate  that were examined.  Other isolates, 
prepared in exactly  the  same  way,  showed  single-banded  pat- 
terns for the same enzymes.  In addition,  multiple-banded  pat- 
terns were retained in cloned  isolates  and in lysates of G. duo- 
denalis trophozoites  containing  protease inhibitors.  Although a 
number of clones produced slight differences in enzyme patterns 
from parent isolates, we believe  these differences to be the result 
of  either  gene  switching  or  mutations.  Switching  of  genes  in 
response  to environmental  factors has been  reported in many 
organisms (Richardson et al., 1986; Bogliolo and Godfrey, 1987). 
The  rapid growth  rate and  asexual  division  of  G. duodenalis 
could  provide  the possibility  of mutations  or chromosomal  re- 
arrangements  (Le  Blancq,  1994)  even  over  the  time  scale  of 
observations. 
If G. duodenalis  is diploid  or polyploid,  which  seems  likely 
because  trophozoites  of  Giardia have  2 nuclei  and pulse  field 
electrophoresis  has  provided  evidence  for multiple  copies  of 
similar  chromosomes  (Adam  et al.,  1988),  the observed  mul- 
tiple-banded  patterns could  be explained  by mutation.  In dip- 
loid  organisms  reproducing solely  asexually,  the accumulation 
of  mutations  without  recombination  should  produce  hetero- 
zygosity  at most  loci.  Thus, the pattern found  in the few mul- 
tiple-banded  isolates  would  be  expected,  but  not  the  single- 
banded  enzyme  profiles  found  in  the  majority  of  isolates.  A 
number  of explanations  are possible.  Giardia duodenalis  may 
(1)  reproduce  sexually,  as well  as asexually;  this  has  recently 
been  shown  to  occur in a number  of bacteria, yeast,  and pro- 
TABLE  III.  Zymodemes  containing  isolates of Giardia  that produced  multiple-banded  enzymes. 
No. of multiple- 
Isolate*  Zymodeme  banded  enzymes  Enzymes 
BAH7*  M7  2/13  GOT, G6PD 
BAH  12  M8  8/13  EST,  FDP, GDH, G6PD, ME, NP, PGM, 6PGD 
BAH16  M9  3/13  ME, PGM, 6PGD 
BAH20  M10  1/13  PGM 
BAH30o  M15  2/13  EST,  FDP 
BAH34*, BAH35  M17  1/13  FDP 
BAH39o  M23  3/13  GOT, NP, PGM 
BAH42o  M24  1/13  EST 
BAH44o  M25  8/13  EST, FDP, GDH, GOT, G6PD, HK, PGM, 6PGD 
BAH49*  M26  4/13  FDP, ME, PGM, 6PGD 
BAH53*  M28  7/13  FDP, GOT, G6PD, HK, ME, PGM, 6PGD 
BAH54o  M29  3/13  G6PD, PGM, 6PGD 
BAH56  M30  2/13  ME, NP 
BAH57  M31  1/13  EST 
BAH94o  M42  4/13  EST,  ME, NP, 6PGD 
BAH95*  M43  5/13  GOT, ME, NP, PGM, 6PGD 
BAH97o  M44  4/13  EST, GOT, NP, PGM 
BAD 1  M14  2/10  ME, PGM 
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TABLE  IV.  Summary  of enzyme patterns  scored  for the 47 zymodemes  using 13 enzyme systems. 
Number of enzyme patterns  detected  for each enzyme system* 
Zymodeme  ACP  EST  FDP  GDH  G6PD  GOT  GPI  HK  MDH  ME  NP  6PGD  PGM 
M1  4  5  4  4  6  9  6  6  4  5  3  7  2 
M2  4  5  4  4  6  9  6  6  4  2  3  7  2 
M3  4  5  4  4  6  9  6  6  4  6  3  7  2 
M4  3  5  2  4  6  9  4  6  4  5  5  6  4 
M5  2  5  4  4  6  9  4  6  4  5  5  7  4 
M6  4  4  4  4  6  9  4  6  4  8  5  6  4 
M7  7  7  5  5  8  5  1  2  3  7  3  1  3 
M8  6  11  6  1  3  2  1  2  3  11  2  1  9 
M9  6  3  1  5  4  6  3  2  3  11  3  2  9 
M1  6  4  4  5  3  8  3  2  3  9  3  3  13 
Mll  6  6  4  5  3  7  3  5  3  9  3  4  3 
M12  6  3  1  5  4  7  2  2  3  9  3  4  3 
M13  -1  1  1  4  4  3  1  8  1  3  1  4  7 
M14  -1  -1  -1  -1  7  9  4  4  4  1  5  7  8 
M15  6  11  6  5  4  7  3  3  3  9  3  4  3 
M16  6  3  5  5  3  1  3  2  3  9  3  4  3 
M17  6  3  6  5  4  3  1  3  3  9  3  4  3 
M18  5  5  3  4  6  9  6  6  4  5  3  7  2 
M19  5  6  4  4  6  9  6  5  4  6  3  5  2 
M20  4  5  5  4  6  9  6  6  4  5  3  7  2 
M21  5  5  4  4  6  9  6  6  4  5  3  7  2 
M22  4  5  3  4  6  9  6  6  4  5  3  7  2 
M23  6  3  4  5  9  4  3  2  3  9  4  4  9 
M24  6  11  4  5  3  7  2  5  3  9  3  4  3 
M25  6  9  7  3  10  2  3  9  3  9  3  1  10 
M26  6  6  6  5  4  1  3  2  3  12  3  1  6 
M27  2  6  4  4  6  9  6  5  4  6  3  7  2 
M28  6  8  8  5  11  2  1  10  3  13  3  1  11 
M29  6  6  3  4  4  2  4  2  3  9  3  2  12 
M30  5  6  4  5  2  7  3  2  3  14  4  4  3 
M31  6  11  5  4  3  7  3  2  3  9  3  4  3 
M32  4  5  4  4  6  9  5  6  3  5  3  4  2 
M33  4  5  3  4  6  9  6  6  4  6  3  7  2 
M34  6  3  5  4  3  6  1  2  3  9  3  4  3 
M35  2  5  4  4  6  9  4  6  4  5  5  6  4 
M36  3  5  4  4  6  9  4  6  4  5  5  6  4 
M37  3  5  4  4  6  9  4  6  4  5  5  7  4 
M38  3  5  1  4  6  9  4  6  4  5  5  7  4 
M39  3  4  3  4  6  9  4  6  4  5  5  7  4 
M40  3  4  4  4  6  9  4  6  4  5  5  7  4 
M41  1  1  2  4  4  3  2  8  1  3  1  4  7 
M42  6  10  5  5  1  3  4  1  3  11  2  1  7 
M43  6  4  5  5  5  3  1  1  3  11  4  1  9 
M44  5  10  2  5  5  6  4  2  3  10  2  4  10 
M45  2  6  5  6  4  4  4  6  2  4  5  6  5 
M46  2  2  1  2  6  9  2  7  4  10  3  8  1 
M47  6  3  5  5  4  1  4  2  3  9  3  5  3 
* A  -  1 indicates  no enzyme  bands detected.  Different enzyme  patterns may consist  of one or more enzyme  bands. 
tozoan  species (Tibayrenc and Ayala,  1991; Maynard Smith et 
al.,  1993); (2) reproduce only asexually with single-banded iso- 
lates arising from mutations  in both alleles, but this is unlikely 
because it would require the same mutation to occur twice (Tait, 
1983); (3) be asexual with homozygosity  maintained by selection 
(Asher and Mace,  1971) or the accumulation  of nonfunctional 
alleles  (Suomalainen  et al.,  1976; Cibulskis,  1988); and (4) re- 
produce  asexually,  but isolates  differ in ploidy. 
At  present,  the  data  do  not  allow  an  adequate  distinction 
between  possibilities  1, 3, and 4. The most interesting question 
to arise is the possibility  of sexual reproduction.  The best evi- 
dence  of  a sexual  process  in  G. duodenalis  was the  finding of 
several  presumed  heterozygotes  with  both  corresponding  ho- 
mozygous  variants.  The  probability  of the same  mutation  oc- 
curring in both alleles in the second  homozygote  by chance  is 
extremely  rare. Given  the recent evidence  for diploidy  and ge- MELONI  ET  AL.-GENETIC  CHARACTERIZATION  OF GIARDIA  375 
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FIGURE  2.  Phenogram  of percentage  fixed enzyme differences  among zymodemes of Giardia  duodenalis,  clustered  by the group average 
(UPGMA) strategy.  0  Clusters  with zymodemes containing  isolates from human and nonhuman  hosts. 
1 
Zymodemes  containing  isolates from 
human and nonhuman  hosts. 
netic exchange in protozoan genera such as Trypanosoma (Tait, 
1980; Jenni et al.,  1986),  Entamoeba  (Blanc et al.,  1989),  and 
Naegleria  (Cariou and Pernin,  1987; Pernin et al.,  1992),  it is 
possible  that G. duodenalis,  at least occasionally,  may undergo 
genetic  recombination. 
Population  structure 
Several  criteria based  on  the  significance  of observed  levels 
of segregation of alleles at a locus and their recombination  be- 
tween loci, which are the consequences  of sexual reproduction, 376  THE  JOURNAL  OF  PARASITOLOGY,  VOL.  81, NO.  3, JUNE  1995 
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FIGURE 3.  Unrooted phylogram  of Giardia  duodenalis  zymodemes  constructed  from Fitch-Margoliash  analysis  of the distance  matrix  (Ap- 
pendix). Circled  zymodemes  correspond  to groups  containing  two or more zymodemes  obtained  from the phenogram  in Figure  2. 
have  recently  been  applied  to  answer  fundamental  questions 
about the predominant  mode  of reproduction of parasitic pro- 
tozoa,  bacteria,  and fungi (Ochman  and Selander,  1984; Tait, 
1985; Tibayrenc et al.,  1990; Tibayrenc and Ayala,  1991; May- 
nard Smith  et al.,  1993).  Four criteria exist  based  on  recom- 
bination  between loci: (1) overrepresented widespread identical 
genotypes,  (2)  absence  of  recombinant  genotypes,  (3)  linkage 
disequilibrium,  and (4) correlation between independent  sets of 
genetic  markers do not require prior knowledge  of ploidy  (Ti- 
bayrenc et al., 1990; Tibayrenc and Ayala,  1991) and, therefore, 
can be used  to determine  whether the population  structure of 
Giardia follows  the pattern expected  for a clonal organism. 
The results of enzyme  electrophoretic characterization of iso- 
lates  in the  present  study  revealed  the widespread  occurrence 
of  3 genotypes  sampled  over  a 5-yr period; M1,  M3,  and M4 
(Fig. 1). Zymodeme  Ml  contained  18 human and 1 sheep isolate 
of  G. duodenalis  from  a variety  of locations  in Western Aus- 
tralia;  zymodeme  M3  was  sampled  7  times  from  humans 
throughout Western Australia, and zymodeme  M4, which con- 
tains  the  Portland  isolate  (P1)  was  sampled  from  humans  in 
Western Australia,  Queensland,  and New  Guinea,  and from a 
human,  beaver, and dog in Canada (Fig. 2). 
The results of a previous  study (Meloni et al.,  1989) showing 
a correlation between grouping of isolates on the basis of enzyme 
and restriction fragment length polymorphism  (RFLP) patterns 
fulfilled criterion 4 and, therefore, provided  population  genetic 
evidence  of a clonal population  structure for G. duodenalis. This 
finding is supported by the correlation of enzyme  groupings of 
14 parent and clonal isolates  used in this study with those  ob- 
tained with RAPD  (random amplified polymorphic DNA)  anal- 
ysis  (Morgan  et al.,  1993).  In addition,  Homan  et  al.  (1992), 
using enzyme  electrophoresis,  RFLPs, and RAPDs,  found gen- 
eral  agreement  in  the  grouping  of  isolates  obtained  by  the  3 
methods. 
Although  the data suggest a clonal population  structure in G. 
duodenalis,  it should be noted  that tests using linkage disequi- 
librium  (with the exception  of the criterion of overrepresented 
widespread  genotypes)  may be confounded  by examining  sam- MELONI  ET  AL.-GENETIC  CHARACTERIZATION  OF GIARDIA  377 
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FIGURE  4.  Phenogram  of percentage  fixed  enzyme differences  among 16 isolates  of Giardia  duodenalis  from Fitzroy  Crossing  clustered  by the 
group  average  (UPGMA) strategy. 
ples from different populations  and rare cyclic bouts  of sexual 
reproduction,  because  1 generation  of sexual reproduction  will 
fully restore equilibrium  at the single-locus  level but not at the 
multilocus  level  (Cibulskis,  1988;  Dye,  1991).  Therefore,  to 
provide additional evidence  on the population  structure of Giar- 
dia (and other organisms),  samples  should be examined  within 
a locally defined population.  This was attempted  in the present 
study by examining  isolates  from  Fitzroy Crossing, but an ac- 
curate estimate  of linkage disequilibrium  was not possible  be- 
cause  of  the  unknown  ploidy  of  G. duodenalis  and the  small 
number  of isolates  in the  7 major groups detected,  which may 
represent different species  (Fig. 4). Until  a proper species-level 
taxonomy  (see below)  can be devised  for G. duodenalis  quan- 
titative  measures of linkage disequilibrium  for identifying clon- 
al, panmictic,  and epidemic  population  structures (Tibayrenc et 
al.,  1990;  Tibayrenc  and  Ayala,  1991;  Maynard  Smith  et al., 
1993)  would  not  be  meaningful  because  of uncertainty  in the 
number  of species  of Giardia being analyzed. 
The  distribution  of  natural clones  of  G. duodenalis  has  re- 
vealed  that many  of the genotypes  or zymodemes  are unique, 378  THE  JOURNAL  OF  PARASITOLOGY,  VOL.  81, NO.  3, JUNE  1995 
as they were only sampled  once or on a few occasions.  In con- 
trast, a limited  number  of major or dominant  clones  were re- 
peatedly  sampled  from  geographically  different locations  and 
various  hosts.  Three major clones  represented by zymodemes 
M1,  M3,  and M4 contain  37 of the 97 stocks collected  over a 
wide ecogeographical range and could be considered major clones. 
Therefore, as suggested for other protozoa (Keymer et al., 1990; 
Tibayrenc  et al.,  1990,  1991; Sibley  and Boothroyd,  1992),  it 
may be more useful to investigate  characteristics of significant 
epidemiological  importance  such  as  host  specificity,  pathoge- 
nicity, virulence, and response to drugs in major clones common 
to an endemic  area in order to maximize  the control and treat- 
ment of giardiasis. This is especially  significant with respect to 
G. duodenalis  and giardiasis,  because  the  mechanisms  under- 
lying  variable  clinical  manifestations,  host  range,  infectivity, 
and response  to treatment  are not fully known  or are difficult 
to determine  (Thompson  et al.,  1993). 
Taxonomy 
The taxonomic  interpretation of genetic variation  in G. duo- 
denalis  is hindered by uncertainty over an appropriate species 
concept  for  asexual  organisms  (see  Thompson  et  al.,  1990). 
Hence,  2  alternative  criteria,  host  occurrence  and  phenetics, 
have been used to distinguish  species of Giardia. 
Occurrence in different species of host is expected to promote 
genetic  divergence  by subjecting populations  to different selec- 
tion  pressures  (Hegner,  1926;  Kulda  and  Nohynkova,  1978; 
Woo,  1984). We found a significant positive correlation between 
genetic  distance  separating zymodemes  and occurrence in dif- 
ferent  host  species,  which  suggests  that  host  associations  do 
indeed  promote  genetic  divergence.  Despite  this, there is little 
evidence  for the rigid host specificity that would be required to 
equate host  occurrence with specific status. This  is true for G. 
duodenalis  examined  from different species  of animals  in this 
study (Fig. 2) and isolates  examined  by other workers (Nash et 
al.,  1985; Proctor et al.,  1989), which  show levels  of intrahost 
variation  to be as great as those  for interhost variation. 
Species of Giardia have also been inferred from shared char- 
acteristics, usually morphological.  Fixed differences in the shape 
of the median  body,  ventrolateral  flange (Erlandsen and Bem- 
rick,  1987),  and  caudal  flagella (Erlandsen et  al.,  1990)  have 
been  used  to  divide  the genus  into  5 species.  However,  most 
controversy  regarding the taxonomy  of Giardia has centered on 
isolates within the G. duodenalis morphological group. To over- 
come the limitations  of morphology,  a phenetic approach using 
the degree of genetic similarity (estimated  from biochemical  or 
molecular  techniques,  particularly enzyme  electrophoresis)  has 
been applied to delimit  species (Thorpe,  1982,  1983). Andrews 
et al. (1989)  applied this genetic yardstick to identify 4 species 
among  isolates  of  G. duodenalis  from  humans.  Although  we 
used  fewer enzyme  systems  and analyzed  our data differently 
than that of Andrews et al. (1989),  if a similar genetic yardstick 
was applied  to  the  isolates  of  G. duodenalis  examined  in this 
study, up to 27 species could be identified. This would obviously 
have severe ramifications for the systematics of the genus. Aside 
from such operational  difficulties,  the major problem with the 
phenetic  approach  to  delimiting  species  is  that the groups  so 
delimited may not represent evolutionary units. That is, it makes 
no predictions  about the extent of genetic or phenotypic  diver- 
gence  between  species  and  may  not  necessarily  be a good  in- 
dicator of genetic cohesion  (Lymbery,  1992). 
The clonal population  structure in G. duodenalis means  that 
numerous  clones  have  been  evolving  independently  and  the 
large genetic distance values detected by enzyme electrophoresis 
are a consequence  of a long, separate evolution.  The similarity 
in topology  of the  trees produced  by UPGMA  clustering and 
Fitch-Margoliash  analysis  attests  to the stability  of the clonal 
lineages  identified  in this study. As there is no,  or limited,  re- 
combination  or reassortment  of  genes  in  a  population,  these 
different clonal  lineages  may accumulate  differences in a wide 
range of biological characters. However,  evidence  that different 
isolates are genetically  heterogeneous  does not necessarily war- 
rant species designation.  Studies with Leishmania,  for example, 
which  appear to  have  a  basically  clonal  population  structure 
have  led  to  a  multiplicity  of  strains,  subspecies,  and  species 
names  (Lainson  and  Shaw,  1987).  This  form  of  classification 
would, with the continual increase in the number of genetically 
characterized samples, eventually approach chaos and be devoid 
of any explanatory or predictive power. It may be more practical 
and informative  to identify  separate lineages or families  of re- 
lated  lineages  that behave  similarly,  to  those  that behave  dif- 
ferently  in  factors  of  epidemiological  significance.  These  lin- 
eages,  if they exist,  would  represent "natural" groups with an 
existence  independent  of  our  attempts  to  classify  them  and, 
therefore, would  be worthy of some  formal taxonomic  name. 
Genetic  variation  and epidemiology 
The nature of genetic variation  detected in isolates  from dif- 
ferent geographic areas and host species also has important im- 
plications  for  understanding  the  transmission  and  variable 
symptomatology  of giardiasis. 
Zoonotic  potential: the genetic  similarity  of isolates  of Giardia  from 
humans and other animals provides circumstantial  evidence for zoo- 
notic transmission,  and a recent cross transmission  experiment  has 
clearly shown that humans are susceptible to Giardia  of nonhuman 
origin in certain geographical  areas (Majewska, 1994). In this study, 
human isolates of G. duodenalis  grouped  in identical  or similar zym- 
odemes containing isolates from sheep, cattle, cats, dog, and beaver 
(Fig. 1). The sheep isolate (BAS2)  and a human isolate (BAH38)  from 
a sheep shearer  are of particular  interest  because they grouped  in the 
same zymodeme and both originated  from the south of Western  Aus- 
tralia  at similar times. Other  studies using  enzyme electrophoresis  and 
RFLPs  have also found  little or no difference  between  the Portland  (Pl) 
isolate and human,  rodent,  sheep, cattle,  dog, and beaver  isolates  of G. 
duodenalis  from a variety  of geographical  areas (Bertram  et al., 1983; 
Nash et al., 1985; Baveja  et al., 1986;  Uji et al., 1988; Andrews  et al., 
1989; Proctor  et al., 1989; Stranden  et al., 1990; Meloni et al., 1992). 
Although  providing  evidence of animal to human transmission  of the 
parasite,  the results must be interpreted  with caution. Transmission 
patterns  in 1 location may not be the same as those in other localities 
due to heterogeneity  between isolates of Giardia  from the same host 
species in different  geographical  areas  (Meloni  et al., 1988, 1989, 1992; 
Thompson et al., 1990; Thompson  and Meloni, 1993). 
A canine  (BAD  l) and rodent  isolates  (BARI and BAR3)  from West- 
ern  Australia  and  a feline  (BAC7)  and  goat  (BAG  1) isolate  from  Victoria 
were genetically  distinct from all others. However,  they fell within the 
range of variation (measured  by percentage  fixed genetic differences) 
found between different  human isolates, e.g., human isolates BAH3 
(zymodeme M1) and BAH7 (zymodeme M7) (Fig. 2) and, therefore, 
their infectivity  to humans  cannot be ruled out. Alternatively,  geneti- 
cally  distinct  isolates  could  represent  strains  that  are  rigidly  host specific, 
although  we do not have any evidence to support  this. 
Variation  in virulence  and pathogenesis: The specific pathogenic 
mechanisms  by which Giardia  causes  disease have not been identified. 
However, it is likely that a number  of processes  are involved and that MELONI  ET AL.-GENETIC CHARACTERIZATION  OF GIARDIA  379 
both parasite  and host determine  the clinical course of infection. It is 
possible that variable virulence between different  isolates of Giardia 
may account for the wide range  of symptomatology  in giardiasis.  Two 
studies have shown that different  isolates may vary in the pattern  of 
infection produced  in animal models (Aggarwal  et al., 1983; Aggarwal 
and Nash, 1987). 
The extensive genetic variation  detected  between  isolates of G. duo- 
denalis  in this study  lends weight  to the hypothesis  that variable  symp- 
tomatology of giardiasis is at least partly a reflection of differences 
between infective agents. The extent of genetic variation  in 1 locality 
in Western  Australia  was as great  as that in the whole of Australia  and 
encompassed  a number  of independently  evolving clonal lineages.  We 
do not yet know the degree  to which these lineages  differ  in epidemi- 
ologically significant  characteristics,  but recent research  from our lab- 
oratory  has demonstrated  behavioral  differences  in vitro between  clones 
of Giardia  from this locality, which may be of clinical significance  in 
vivo. In this respect,  the challenge  for the future  with Giardia  and other 
parasites  must  be to find  molecular  markers,  for  improved  classification, 
and for the identification of clinically significant  characters  such as 
virulence  and drug  sensitivity (Thompson, 1994). Ideally,  it should be 
possible that such characterization  be performed  directly on parasite 
material  without culture  amplification. 
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APPENDIX 
Matrix of genetic distance measures,  estimated from enzyme variation  (fixed enzyme differences,  below diagonal)  and host occurrence  (1 for 
zymodemes with isolate from different  host and 0 for zymodemes  containing  isolates from the same host, above diagonal),  between  zymodemes 
of Giardia. 
Zymo- 
deme 
M4  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000 
0.000  0.000  0.000  1.000  1.000  0.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
MI  0.462  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  0.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M7  1.000  0.923  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M8  1.000  1.000  0.692  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M3  0.538  0.077  0.923  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M12  1.000  0.923  0.615  0.769  0.923  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M9  1.000  0.923  0.692  0.615  0.923  0.385  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M18  0.462  0.154  0.923  1.000  0.231  0.923  0.923  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
Mll1  1.000  0.846  0.692  0.769  0.846  0.385  0.615  0.923  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M10  1.000  0.846  0.692  0.692  0.846  0.538  0.538  0.923  0.385  0.000  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M2  0.538  0.077  0.923  1.000  0.077  0.923  0.923  0.231  0.846  0.846  0.000  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
MI5  1.000  0.923  0.692  0.692  0.923  0.308  0.538  0.923  0.308  0.538  0.923  0.000  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M21  0.462  0.077  0.923  1.000  0.154  0.923  0.923  0.077  0.846  0.846  0.154  0.923  0.000  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M16  1.000  0.923  0.538  0.692  0.923  0.308  0.462  0.923  0.308  0.385  0.923  0.385  0.923  0.000  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M17  1.000  0.923  0.615  0.692  0.923  0.308  0.538  0.923  0.462  0.615  0.923  0.231  0.923  0.385  0.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M22  0.462  0.077  0.923  1.000  0.154  0.923  0.923  0.077  0.923  0.923  0.154  0.923  0.154  0.923  0.923 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M23  1.000  0.923  0.769  0.692  0.923  0.462  0.462  1.000  0.462  0.462  0.923  0.538  0.923  0.385  0.538  1.000 
0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 382  THE  JOURNAL  OF  PARASITOLOGY,  VOL.  81, NO.  3, JUNE  1995 
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Zymo- 
deme 
M24  1.000  0.846  0.692  0.692  0.846  0.308  0.692  0.923  0.154  0.462  0.846  0.308  0.846  0.385  0.462  0.923 
0.538  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M26  1.000  0.923  0.615  0.615  0.923  0.538  0.462  0.923  0.538  0.538  0.923  0.462  0.923  0.462  0.538  0.923 
0.615  0.692  0.000  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M19  0.692  0.385  0.923  1.000  0.308  0.923  0.923  0.385  0.692  0.846  0.385  0.923  0.308  0.923  0.923  0.462 
0.923  0.769  0.846  0.000  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M27  0.692  0.308  0.923  1.000  0.231  0.923  0.923  0.385  0.692  0.846  0.308  0.923  0.308  0.923  0.923  0.385 
0.923  0.769  0.846  0.154  0.000  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M29  0.846  0.846  0.769  0.692  0.846  0.538  0.538  0.769  0.615  0.615  0.846  0.615  0.846  0.615  0.615  0.769 
0.692  0.692  0.538  0.769  0.769  0.000  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M31  0.923  0.846  0.615  0.615  0.846  0.385  0.615  0.846  0.308  0.462  0.846  0.308  0.846  0.231  0.538  0.846 
0.538  0.308  0.615  0.846  0.846  0.538  0.000  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M32  0.538  0.231  0.846  0.923  0.308  0.769  0.846  0.385  0.692  0.769  0.308  0.769  0.308  0.769  0.769  0.308 
0.769  0.692  0.846  0.538  0.538  0.769  0.692  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M33  0.538  0.154  0.923  1.000  0.077  0.923  0.923  0.154  0.923  0.923  0.154  0.923  0.231  0.923  0.923  0.077 
1.000  0.923  0.923  0.385  0.308  0.769  0.846  0.385  0.000  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M34  0.923  0.846  0.538  0.615  0.846  0.385  0.538  0.846  0.462  0.538  0.846  0.538  0.846  0.231  0.385  0.846 
0.538  0.462  0.692  0.846  0.846  0.538  0.231  0.692  0.846  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  0.000  1.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M6  0.308  0.462  1.000  1.000  0.462  1.000  1.000  0.615  0.923  0.846  0.462  1.000  0.538  1.000  1.000  0.538 
0.923  0.923  1.000  0.615  0.615  0.846  0.923  0.538  0.538  0.923  0.000  0.000  0.000  0.000  1.000 
1.000  1.000  1.000  1.000  1.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M5  0.231  0.308  1.000  1.000  0.385  1.000  1.000  0.385  0.923  0.923  0.385  1.000  0.308  1.000  1.000  0.385 
0.923  0.923  1.000  0.615  0.462  0.846  0.923  0.462  0.462  0.923  0.308  0.000  0.000  0.000  1.000 
1.000  1.000  1.000  1.000  1.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M35  0.154  0.385  1.000  1.000  0.462  1.000  1.000  0.462  0.923  0.923  0.462  1.000  0.385  1.000  1.000  0.462 
0.923  0.923  1.000  0.615  0.538  0.846  0.923  0.462  0.538  0.923  0.231  0.077  0.000  0.000  1.000 
1.000  1.000  1.000  1.000  1.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M36  0.077  0.385  1.000  1.000  0.462  1.000  1.000  0.462  0.923  0.923  0.462  1.000  0.385  1.000  1.000  0.462 
0.923  0.923  1.000  0.615  0.615  0.846  0.923  0.462  0.538  0.923  0.231  0.154  0.077  0.000  1.000  1.000 
1.000  1.000  1.000  1.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M37  0.154  0.308  1.000  1.000  0.385  1.000  1.000  0.385  0.923  0.923  0.385  1.000  0.308  1.000  1.000  0.385 
0.923  0.923  1.000  0.615  0.538  0.846  0.923  0.462  0.462  0.923  0.308  0.077  0.154  0.077  1.000 
1.000  1.000  1.000  1.000  1.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M13  0.917  0.917  0.917  0.917  0.917  0.750  0.833  0.917  0.917  1.000  0.917  0.833  0.917  0.917  0.667  0.917 
0.917  0.917  0.917  0.917  0.917  0.833  0.833  0.833  0.917  0.750  0.917  0.917  0.917  0.917  0.917 
1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M14  0.556  0.667  1.000  1.000  0.667  1.000  1.000  0.667  1.000  1.000  0.667  1.000  0.667  1.000  1.000  0.667 
1.000  1.000  1.000  0.778  0.667  0.889  1.000  0.889  0.667  1.000  0.556  0.444  0.556  0.556  0.444  1.000 
0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M38  0.154  0.385  1.000  1.000  0.462  0.923  0.923  0.385  1.000  1.000  0.462  1.000  0.385  1.000  1.000  0.385 
1.000  1.000  1.000  0.692  0.615  0.846  0.923  0.538  0.462  0.923  0.385  0.154  0.231  0.154  0.077  0.833 
0.444  0.000  0.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M39  0.231  0.462  1.000  1.000  0.538  1.000  1.000  0.385  1.000  0.923  0.538  1.000  0.462  1.000  1.000  0.385 
1.000  1.000  1.000  0.692  0.615  0.769  0.923  0.615  0.462  0.923  0.308  0.231  0.308  0.231  0.154  0.917 
0.444  0.154  0.000  1.000  1.000  1.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 MELONI  ET  AL.-GENETIC  CHARACTERIZATION  OF  GIARDIA  383 
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Zymo- 
deme 
M40  0.231  0.385  1.000  1.000  0.462  1.000  1.000  0.462  0.923  0.846  0.462  1.000  0.385  1.000  1.000  0.462 
0.923  0.923  1.000  0.615  0.538  0.846  0.923  0.538  0.538  0.923  0.231  0.154  0.231  0.154  0.077  0.917 
0.444  0.154  0.077  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M41  0.846  0.923  1.000  1.000  0.923  0.769  0.923  0.923  0.923  1.000  0.923  0.846  0.923  0.923  0.769  0.923 
0.923  0.846  0.923  0.923  0.923  0.846  0.846  0.846  0.923  0.846  0.923  0.923  0.923  0.923  0.923  0.167 
1.000  0.923  0.923  0.923  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M45  0.692  0.923  0.923  1.000  0.923  0.923  0.923  0.923  0.923  1.000  0.923  0.923  0.923  0.923  0.923  0.923 
0.923  1.000  0.846  0.923  0.846  0.769  0.923  0.923  0.923  0.923  0.692  0.692  0.615  0.692  0.769  0.917 
0.778  0.769  0.769  0.769  0.923  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M46  0.769  0.692  0.923  1.000  0.692  0.769  0.846  0.692  0.923  0.923  0.692  0.923  0.692  0.923  0.923  0.692 
1.000  0.846  0.923  0.692  0.615  0.923  0.923  0.769  0.692  0.923  0.769  0.692  0.692  0.769  0.769  0.917 
0.778  0.692  0.769  0.769  0.923  0.923  1.000  1.000  1.000  1.000  1.000  1.000  1.000  1.000 
M47  0.923  0.923  0.538  0.769  0.923  0.308  0.462  0.923  0.538  0.538  0.923  0.462  0.923  0.231  0.385  0.923 
0.538  0.538  0.462  0.846  0.923  0.462  0.462  0.846  0.923  0.385  0.923  0.923  0.923  0.923  0.923  0.917 
0.889  0.923  0.923  0.923  0.923  0.769  0.923  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
M20  0.462  0.077  0.846  1.000  0.154  0.923  0.923  0.154  0.923  0.923  0.154  0.923  0.154  0.846  0.923  0.077 
1.000  0.923  0.923  0.462  0.395  0.846  0.769  0.308  0.154  0.769  0.538  0.385  0.462  0.462  0.385  0.917 
0.667  0.385  0.462  0.462  0.923  0.846  0.692  0.846  0.000  0.000  0.000  0.000  0.000  0.000 
M42  0.923  1.000  0.692  0.615  1.000  0.769  0.692  1.000  0.769  0.769  1.000  0.769  1.000  0.692  0.692  1.000 
0.769  0.769  0.692  1.000  1.000  0.769  0.769  0.923  1.000  0.769  0.923  0.923  0.923  0.923  0.923  0.833 
0.889  0.923  0.923  0.923  0.846  0.846  1.000  0.615  0.923  0.000  0.000  0.000  0.000  0.000 
M43  1.000  1.000  0.615  0.538  1.000  0.769  0.615  1.000  0.769  0.692  1.000  0.769  1.000  0.692  0.615  1.000 
0.615  0.769  0.692  1.000  1.000  0.846  0.769  0.923  1.000  0.692  0.923  1.000  1.000  1.000  1.000  0.833 
1.000  1.000  0.923  0.923  0.923  0.923  1.000  0.692  0.923  0.385  0.000  0.000  0.000  0.000 
M25  1.000  0.923  0.769  0.692  0.923  0.692  0.692  0.923  0.615  0.615  0.923  0.615  0.923  0.615  0.692  0.923 
0.692  0.692  0.615  0.923  0.923  0.615  0.615  0.846  0.923  0.692  1.000  1.000  1.000  1.000  1.000  1.000 
1.000  1.000  1.000  1.000  1.000  1.000  0.923  0.692  0.923  0.769  0.769  0.000  0.000  0.000 
M28  1.000  0.923  0.615  0.615  0.923  0.692  0.692  0.923  0.692  0.692  0.923  0.692  0.923  0.692  0.615  0.923 
0.769  0.692  0.615  0.923  0.923  0.692  0.796  0.846  0.923  0.692  1.000  1.000  1.000  1.000  1.000  0.917 
1.000  1.000  1.000  1.000  1.000  1.000  0.923  0.692  0.923  0.692  0.615  0.615  0.000  0.000 
M44  0.846  1.000  0.769  0.769  1.000  0.692  0.692  0.923  0.769  0.769  1.000  0.769  0.923  0.692  0.769  1.000 
0.692  0.769  0.769  0.923  1.000  0.769  0.769  0.846  1.000  0.692  0.923  0.923  0.923  0.923  0.923  0.917 
0.889  0.923  0.923  0.923  0.846  0.923  0.923  0.692  1.000  0.615  0.769  0.846  0.846  0.000 
M30  1.000  0.923  0.692  0.846  0.923  0.538  0.692  0.923  0.385  0.615  0.923  0.538  0.846  0.538  0.692  1.000 
0.462  0.538  0.615  0.769  0.846  0.769  0.538  0.769  1.000  0.692  0.923  0.923  0.923  0.923  1.000  0.917 
1.000  1.000  1.000  0.923  0.923  0.923  1.000  0.692  1.000  0.846  0.769  0.846  0.846  0.615 
Zymodeme 
M4  MI  M7  M8  M3  M12  M9  M18  Mll  MIO  M2  M15  M21  M16  M17  M22 
M23  M24  M26  M19  M27  M29  M31  M32  M33  M34  M6  M5  M35  M36  M37  M13 
M14  M38  M39  M40  M41  M45  M46  M47  M20  M42  M43  M25  M28  M44 